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Abstract

We applied a land water mass balance equation over 59 major river basins during 2003-9 to estimate
evapotranspiration (ET), using as input terrestrial water storage anomaly (TWSA) data from the GRACE
satellites, precipitation and in situ runoff measurements. We found that the terrestrial water storage
change cannot be neglected in the estimation of ET on an annual time step, especially in areas with
relatively low ET values. We developed a spatial regression model of ET by integrating precipitation,
temperature and satellite-derived normalized difference vegetation index (NDVI) data, and used this
model to extrapolate the spatio-temporal patterns of changes in ET from 1982 to 2009. We found that the
globally averaged land ET is about 604 mm yr~! with a range of 558-650 mm yr~!. From 1982 to
2009, global land ET was found to increase at a rate of 1.10 mm yr~2, with the Amazon regions and
Southeast Asia showing the highest ET increasing trend. Further analyses, however, show that the
increase in global land ET mainly occurred between the 1980s and the 1990s. The trend over the 2000s,
its magnitude or even the sign of change substantially depended on the choice of the beginning year. This
suggests a non-significant trend in global land ET over the last decade.

Keywords: evapotranspiration, normalized difference vegetation index (NDVI), gravity recovery and
climate experiment (GRACE) satellites, terrestrial water storage anomaly (TWSA)
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1. Introduction

Evapotranspiration (ET) links the water, energy and carbon
cycles and is one of the most important fluxes in Earth’s
climate system (Nachabe et al 2005, Alton et al 2009). It has
been estimated that more than 60% of precipitation on the
land surface returns to the atmosphere in the form of ET (Oki
and Kanae 2006) while consuming more than half of the solar
radiation absorbed by the land surface (Trenberth ez al 2009).
ET is also a robust climatic predictor of plant productivity
and species richness (Fisher ef al 2011). Accurate estimates
of spatial and temporal changes in global ET are critical
for better understanding atmosphere—hydrosphere—biosphere
interactions, and therefore is an important emergent theme of
climate change research (Jung et al 2010, Fisher et al 2011).

It is difficult to directly measure ET at large spatial scales
continuously over long time periods. Therefore, empirical
data-driven approaches are valuable for estimation of global
land ET. In theory, ET can be expressed as the residual
between total precipitation (P) minus the sum of net runoff
(R) and terrestrial water storage change (TWSC), i.e. ET =
P — R — TWSC (Verstraeten et al 2008). TWSC shows the
changes in terrestrial water storage (TWS), a horizontally
and vertically integrated quantity which is defined as storage
of all forms of terrestrial water including groundwater, soil
moisture, surface water, canopy water, snow and glaciers
(Rodell and Famiglietti 1999, Rodell et al 2004, 2009). At
large scales, however, TWSC is difficult to estimate (Tapley
et al 2004), and was generally neglected in previous studies
(e.g. Mueller et al 2011). The availability recently of
terrestrial water storage anomalies (TWSAs) datasets from
gravity recovery and climate experiment (GRACE) satellites,
however, provides an opportunity to re-assess the value of
considering TWSC for ET estimation at large spatial scales.
The first objective of this letter is to evaluate the systematic
error, if any, in land ET estimation when TWSC is ignored.

Jung et al (2010) (hereafter JUN10) and Zhang et al
(2010) (hereafter ZHA10) quantified ET by up-scaling
local eddy-covariance flux measurements from the global
FLUXNET network, through integration with gridded satellite
FAPAR (or NDVI) and climate data. Based on a multi-
regression tree ensemble, JUN10 estimated ET from 1982
to 2008, and concluded that global land ET trend has
stalled, and declined in some tropical regions, during the
past decade. One limitation acknowledged by JUNI1O is the
limited coverage of FLUXNET sites and relatively short
duration of flux records, especially in the tropics, which
makes ET estimates uncertain (Mueller et al 2011). Therefore,
the second objective of this paper is to evaluate large-scale
changes in global ET over the last three decades with an
alternative method.

2. Data and methods
2.1. Data

The data from GRACE satellites, launched in March 2002
to accurately measure the Earth’s gravity field at ~30 day

intervals with a spatial resolution of 400 km, can be used to
estimate TWSAs over sufficiently large regions (Tapley et al
2004). TWSA is an anomaly (i.e. monthly deviations from a
longer-term mean) of TWS stored above and underneath the
surface of the Earth, including groundwater, soil moisture,
surface water, canopy water, snow and glaciers (Syed et al
2008). The TWSA data used in this study were obtained from
the Jet Propulsion Laboratory (JPL; http://grace.jpl.nasa.gov)
(Swenson and Wahr 2006) and were used to derive annual
terrestrial water storage change (TWSC).

Since the spatial resolution of the GRACE TWSA
product is 1° x 1° (http://grace.jpl.nasa.gov), we did not
include river basins smaller than 10000 km?, resulting in
59 river basins, which cover more than 50% of the global
land surface (figure 1(a)). The digital map of these 59 major
river basins was obtained from the Global Runoff Data
Centre (GRDC 2007). The runoff data during the period of
2003-9 as well as the areas of the watersheds corresponding to
runoff stations were derived from the GRDC database (GRDC
2007) and from the Ministry of Water Resources, China.

ET is not only driven by climatic factors, but also
modulated by physiological and structural characteristics of
vegetation (Piao e al 2007). We used the satellite data-based
normalized difference vegetation index (NDVI), a proxy for
terrestrial vegetation greenness and photosynthetic activity
(Myneni et al 1998, Wang et al 2011), as one of the
independent variables (predictors) for estimating global ET.
The NOAA/AVHRR NDVI data used here were generated
by the Global Inventory Modeling and Mapping Studies
(GIMMS) group at NASA GSFC at a spatial resolution
of 8 km for the period 1982-2009 (Tucker er al 2005).
Annual mean surface air temperature and annual precipitation
global fields during 1982-2009 at a spatial resolution of
0.5° x 0.5°were obtained from the Climatic Research Unit
(CRU) TS 3.1 datasets (Mitchell and Jones 2005).

2.2. Methods

For a given river basin, we assumed that surface drainage
divides coincide with groundwater flow divides, so that lateral
inputs and outputs of groundwater can be ignored (Rodell
et al 2004). Therefore the water balance equation for the land
surface can be expressed as:

ET(n) = P(n) — Q(n) — (TWSA@2,n — TWSAu2,,-1)) (1)

where n is the year; TWSA(12,,—1) is the basin-level average
TWSA for December of the year n (mm); ET, P and Q are
annual ET (mm yr~!), precipitation (mm yr~') and runoff
(mm yr~!), respectively. Since the temporal resolution of
GRACE TWSA is 1 month, we used December TWSA of the
year n and n — 1 to represent TWSA at the end and beginning
of the year n, respectively. Note that ET refers to actual
evapotranspiration rather than potential evapotranspiration
throughout this letter.

ET is affected by a number of factors, such as available
energy, available water, vapor pressure deficit, wind speed
and vegetation activity (Verstraeten et al 2008). Given the
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Figure 1. Spatial distribution of land ET at the basin level calculated by the water balance approach (ETwg, equation (1)), contribution of
terrestrial water storage change (TWSC) to ETwg and validation of ET estimated by the regression approach (equation (2)) against ETwg.
(a) Spatial pattern of mean annual ETwg over 59 major river basins during 2003-9; (b) relationship between ETwp and absolute ratio of
TWSC-to-ET; (c) comparison of ET estimated by the regression approach (estimated ET, equation (2)) and ET calculated by the water
balance approach (ETwg, equation (1)) over the 59 major river basins during 2003-9, where each dot represents ET of one river basin year.

multi-collinearity of different factors and availability of
global datasets during the study period, we chose available
energy, available water and vegetation activity as the main
drivers of spatio-temporal variations of ET. We find that
over 299 basin years, ET is significantly and positively
correlated with mean annual temperature (a proxy of available
energy; R = 0.68, p < 0.001), annual precipitation (a proxy
of available water; R = 0.87, p < 0.001) and annual NDVI
(a proxy of vegetation condition; R = 0.70, p < 0.001). We
performed multiple linear, spatial (cross-basin) regression
analyses using annual ET as the dependent variable and mean
annual temperature, annual precipitation and annual NDVI
as independent variables. We also performed the multiple
regression analysis 1000 times by randomly selecting a subset
of 80% of samples from the datasets in order to further analyze
the uncertainty of global ET. Annual NDVI is calculated as
the sum of monthly NDVI that is larger than 0.1. Because the
maximum NDVI value composite (MVC) (a maximum daily
NDVI value in each 15 days) minimizes atmospheric effects,
scan angle effects, cloud contamination and solar zenith angle
effects (Holben 1986), we used the largest 15 day MVC for
each month to produce the monthly NDVI dataset.

3. Results and discussion

3.1. Estimation of ET at the basin level

Figure 1(a) shows spatial patterns of average ET during
2003-9 across the 59 river basins. Among the basins, ET
shows pronounced regional contrasts, reflecting the spatial
patterns of climatic conditions and vegetation coverage and
structure. High ET (>900 mm yr~') is observed in the
Amazon, while low ET (<200 mm yr~!) is found in the basins
of high-latitude in the northern hemisphere and in Central
Asia, as may be expected. In the Pechora basin of northern
Russia, the water balance defined in equation (1) predicts a
negative value of ET, but close to 0 mm yr~! (=9 mm yr~!),
which may be likely due to uncertainties in precipitation
from the limited number of climatic stations, as well as
inaccurate estimation of TWSC. The spatio-temporal change
of ET over 299 river basin years is significantly and positively
correlated with annual precipitation, mean annual temperature
and annual NDVI. Therefore, these three variables were used
to calculate ET using the following multi-linear regression,
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Figure 2. Spatial patterns of (a) mean annual land ET during 1982-2009 and (b) mean latitude ET estimated by three different methods.
The shaded area is the range of one standard deviation of latitude ET estimated in this study.

ET = 0.41(£0.02)P + 10.62(£0.39)T
+ 9.63(£2.27)NDVI + 31.58(%7.89), )

where ET is basin-averaged annual evapotranspiration
(mm yr~'), P, T and NDVI are annual precipitation
(mm yr‘l), mean annual temperature (°C) and annual
NDVI, respectively. The uncertainty of each parameter
was derived from 1000 multiple regression analyses, by
randomly selecting 80% of samples from the datasets. As
shown in figure S1 (available at stacks.iop.org/ERL/7/014026/
mmedia), the regression based on 80% of samples of the
datasets also successfully predicts the other 20% of the data.

This regression explains more than 85% of the spatio-
temporal differences in ET across the 299 river basin years.
Although it has been suggested that wind speed may influence
ET (Skidmore et al 1969), including wind speed as a predictor
in equation (2) did not significantly improve the explanation
of spatial differences in ET across the river basins (p > 0.05),
suggesting that the effect of wind speed is small on an annual
average basis.

Figure 1(b) shows the change in the absolute ratio of
TWSC-to-ET (i.e. the relative error derived from ignoring
TWSC in ET estimates) versus ET across 299 river basin
years. This ratio decreases with increasing ET, suggesting that
biases in ET estimates from ignoring TWSC in regions of
low ET are larger than in regions with higher ET. As TWSC
is relatively constant across latitudes (Syed et al 2008), the
substantially high ET biases in regions of low ET are mainly
related to the disproportionately low ET values. Further
analysis shows that there is no effect of the size of a basin.
For example, smaller basins are not more sensitive to ignoring
TWSC than larger basins (figure S2 available at stacks.iop.
org/ERL/7/014026/mmedia). Overall, more than 44% of the
river basins have biases larger than 10%, highlighting the
importance of including TWSC in the calculation of ET.

3.2. Spatial patterns of global ET

Using equation (2) together with climate and NDVI data, we
extrapolated temporal changes in global ET for the period
1982-2009. The global mean annual land ET value for the

period 1982-2009 is about 604 mm yr~! (558-650 mm yr—1),
which is comparable to Mueller et al (2011), who compared
30 global observation-based ET datasets and 11 coupled
atmosphere—ocean—land global climate models (GCMs) ET
datasets from the IPCC Fourth Assessment Report. The global
mean annual ET of the 41 datasets ranged from 511 to
650 mm yr~!, with an average value of 580 mm yr—! (Mueller
et al 2011). ZHA10 used a remote-sensing based dataset and
derived a global ET of 539 &9 mm yr~! over the period of
1983-2006.

The spatial patterns of ET estimated in this study are
consistent with the results from earlier studies (Jung et al
2010, Zhang et al 2010). The highest values are observed in
the tropical regions (figure 2(a)), particularly in northwestern
Amazonia, Indonesia and Malaysia. The uncertainty in ET
estimates is also the highest in the tropical regions (figure S3
available at stacks.iop.org/ERL/7/014026/mmedia).

3.3. ET trends from 1982 to 2009

Global land ET increased from 1982 to 2009 at the rate of
1.10 £ 0.20 mm yr_2 (p < 0.01) (figure 3(a)). As illustrated
in figure 3(b), a positive trend is found in 25% of the pixels, of
which the Amazon Basin and Southeast Asia have the highest
rate of ET increase. This general upward land ET trend over
the past three decades was previously reported by ZHA10 and
JUNI10; however, the increasing trends in those studies were
relatively weaker (table 1). All three studies predict significant
increase in ET over Europe and Africa. In North America
and South America, both this study and ZHA10 estimate a
significant increasing trend of ET, while JUN10 shows an
insignificant trend. In Asia, ZHA10 estimated a significant
negative trend of ET by —0.74 & 0.22 mm yr~2. In contrast,
both this study and JUN10 predict a significant positive trend
of ET over Asia at the continental scale.

Recently, JUN10 suggested that the increase in global
land ET mainly occurred during 1982-98, which is confirmed
by our study. We report global land ET increased by 1.03 £
0.44 mm yr=2 (p < 0.05), with a significant positive trend
in more than 10% of the pixels (figure 3(c)). The average
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Figure 3. Inter-annual variability of global land ET anomaly and spatial distribution of land ET trends. (a) Inter-annual variability of global
land ET anomalies. Trends estimated by linear regression are shown as a solid line for 1982-2009, as a blue dashed line for 1982-98 and as
ared dotted line for 1998-2009. ** indicates the significance of the trend at the 95% confidence interval; land ET trends (b) during
1982-2009, (c) during 1982-98 and (d) during 1998-2009. The inset panels show the area where the ET trend during the corresponding
period is statistically significant (p < 0.05), where blue stands for significant increase and red for significant decrease.

magnitude of this positive trend is within the range of
previous estimates of 1.32 & 0.43 mm yr—2 (p < 0.001)
by ZHAI10 and 0.85 £ 0.16 mm yr—2 (p < 0.001) by
JUNI10.

In contrast to the pre-1998 increase, global land ET
seemed to have slowed down or even completely disappeared
thereafter (figure 3). Our results suggest a statistically
insignificant trend in global land ET, with a value of —0.10 &+
0.61 mm yr~2 over the period 1998-2009 (R*> = 0.00, p=0.89)
(table 1, figure 3(a)). This is within uncertainties of the trends
reported by ZHA10 and JUNI10. JUN1O inferred a decline
from 1998 to 2008, but this negative trend was not statistically
significant (table 1). Furthermore, both the magnitude and the
sign of the trend during the last decade varied substantially
depending on the choice of beginning or ending year (table 1).
For example, in JUN10, ZHA10 and this work, there is
a slight but statistically insignificant increasing trend when
the starting year is 1999. Furthermore, in Asia and Europe,
JUNI1O estimated a significant positive trend of ET since
1999, while this work and ZHA10 converge to no significant
trends during the same period (table 1). Our results show
that only 10% of the study areas have statistically significant
trends, positive or negative, during the period of 1998-2009
(figure 3(d)).

As shown in figure 3(a), the recent stall in the increasing
trend is likely related to the relatively low ET values during
the early 2000s when several continental-scale droughts
occurred, e.g. the 2002 drought in North America (Seager
2007), the 2003 drought in Europe (Ciais et al 2005) and

the 2005 drought in the Amazon region (Marengo et al
2008). Coincident with the widespread precipitation decrease
and consequent decline in vegetation growth during the
corresponding year, there was a large-scale reduction in land
ET relative to the baseline period (1982-2009) over North
America in 2002 (—7.78 mm yr~—!, —1.8%), Europe in 2003
(—9.31 mm yr~!, —2.2%) and Southern Amazon in 2005
(south of 3°S, —50.2 mm yr’l, —4.2%) (figure 4). For
example, in response to the 2003 drought event in Europe,
particularly in central Europe, more than 31% of the European
continental regions experienced negative annual land ET
anomalies less than —1 std.

4. Conclusions

We estimated the spatio-temporal change in global land ET
from 1982 to 2009 using a water balance approach in this
study. The results presented here are consistent with previous
reports of a positive trend in ET during the 1980s and 1990s,
and a stalling of this trend thereafter. However, this reduction
in ET trend during the recent years depended on the choice of
the beginning and end dates, not surprisingly given the short
period, suggesting that continuous monitoring is required to
validate whether this transition is a short-term fluctuation or a
sign of a longer-term decline in global land ET. Moreover, our
results demonstrate the importance of TWSC for estimation
of ET using the water balance equation. Ignoring TWSC,
as in previous studies, will significantly bias ET estimation,
especially in regions of low ET.



Z Zeng et al

Environ. Res. Lett. 7 (2012) 014026

6£0F 90— 00'T F s IT'E 8E°0 F 5xxCCT'1 0€°0 F sn¥C'1 CC0 F wnPL'0— CE0F snCl'T IT0F wxCL°0 0IVHZ
9L'0F 850 IT0+LC0 9C0 F «:91'1 Y10 F +95°0 CL0F #xCV0 LT'0OF LOO €10 F 4870 OINNAS
99°0 F L0 IL°0 F #x€€°C 6€°0 F 891 LTOF «IL°0 €€°0F «£9°0 8C0F L0 STOTF suxCl'1 Apms sy, 900C—€861
9 CTFLLT— 86’1 +SCTC— 6v'1 F+060— O0F Iv0o— 98°0+ 900 8V I FvI0 YL'0OF9v'0— 0IVHZ
9y F06'L— WTFo6C1T OoV'TF11°0 9€°0 F «68°0 09°0 F 80 LO'TF8I°0 YL'0F S0°0— OINOAS
99°C F «0C°9— LTEF V9L LOTF1€0— 8o0FOori— 050 F «99°1— 8S'TF 101 80 F L80— Apms sty 90028661
96'CF ELT— EL'TF8T0 e TFI10— ¥9°0F S0 T— 16'0F 260 960 F «SEC S0 F89°0 0IVHZ
0S° € F SI'L— vI'TF610— 00'TF€L0 YE0F «LLO 9C0 F w8171 €L0F 660 ¢SOFI€0 OINOU
SOTF8LTC— 0€'C+ 00— 08°0F89°0 €80 F 9Tl ¢8°0F 90°0 86'0 F 680 ILOFST0 Apms sy, 6661 2oUlS
9 CTFLLT— 86’1 FSCTC— 6v' 1 F060— O0F Iv0— 98°0F900 8V I FvI0 YL'0F 9v'0— 0IVHZ
16'CF «L1°9— 96'0 F 19°0— ¥6'0 F90°0— 8C°0 F 080 70 F LSO €L0F9T0 0S'0F91°0— OINOS
IL'TF00¢— S6'TFL90 89°0F 910 YL'0F 180 CLOF 10— L6'0F 00— [9°0F01°0— Apms sty 8661 39UIS
€50 F+980— SCCFOI'E 870 F 480°€ 9G°0 F +9€°C 7’0+ 9¢0— 99°0 F w«[L'1 EV'0 F wsCEL 0IVHZ
90F €01 €E0F 0 [7°0 F sssLS7T STOF ++8L°0 81°0 F 4980 [T°0F 950 910 F +xS8°0 OINNS
86°0 F9I'1 LUTF IS0 SL'OF 891 LY'0F 41071 89°0F 160 SY'0F 4260 P70 F 4€0°1 Apms sy, 8661 [DUN
6€0F 90— 00T F s IT'E 8E°0 F 4xCT'1 0€°0 F sws¥C'1 CC0F wwxVL0— CE0F sl [T0 F 4+CL°0 0IVHZ
190+ 1€°0 0C0+ 100 TC0F 4960 IT°0 F 49570 010 F «SY°0 IO+ v10 010 F s« I¥°0 OINAU
6v'0 F 810 9670 F wus¥8'1 0€°0 F 081 [T0 F +96°0 8C°0 F #x+L8°0 CC0F «95°0 0T0 F «OL°T Apms sy, pouad v
eIEnsSny BOLIOWY/-S BOLIJY odomyg BISY BOLIOWY-N [eqo[n SPOYIOIN spoLad

"z—4A WW ST puaI) 10§ Jiun Sy, "A[PANOASII ‘S[EAIIUI OUSPYUOD %66 PUB %S6 ‘%06 Y3 J& SPUdI) 3y Jo
Q0UBOYIUSIS Y} ABIIPUI 444 PUB 44 4 "POPIACIA OS[E QI SPUI) ISAY) JO SIOLID PIEPUR)S QUL "SPOYIOUI JUSISJJIP 9IY) AQ PAIBWINSI SIUAUNUOD XIS PUL 9QO[S Y} JOAO [ PUB[ UI SPUAIL], °T d[qeL



Environ. Res. Lett. 7 (2012) 014026

Z Zeng et al

70 (8) North America, 2002

60
50
40
B0 e e

20

-130 -120 -110 -100 -90 -8BO

(b) Europe,l 2003
70 :

60

40

20 30 40

| -20

(c) Amazon, 2005
5 il -

-30

-50

ET Standardized anomalies

-2.0-1.5-1.0-0.5 05 1.0 1.5 2.0

Figure 4. Spatial distributions of standardized anomalies of detrended ET (a) over North America in 2002, (b) over Europe in 2003 and

(c) over South America in 2005.

There are a few points that deserve further study.
Although a general agreement exists between the FLUXNET
up-scaling method of JUN10 and ZHA10 for instance and
our simple empirical water balance method, the model uses
temperature as one of the independent variables instead of
solar radiation due to lack of requisite solar radiation data
sets. All the three methods suffer from a ‘space for time’
substitution hypothesis. In addition, the effects of land use
change and rising atmospheric CO; concentrations, as well
as humidity, were not taken into account in our simulation,
which invariably introduced additional uncertainty. Finally,
both temperature and precipitation not only influence ET
directly but also indirectly through NDVI, in our approach and
in JUN10 as well. For these reasons, our analysis was focused
on spatio-temporal changes rather than mechanisms. Further
studies based on process-based ET models by including
all the driving factors are needed to precisely explore the
mechanisms (e.g. soil moisture change (Jung et al 2010),
wind speed decrease (McVicar et al 2012), solar radiation
change (Teuling ef al 2009), land-use change (Piao et al 2007)
or closure caused by increasing CO, (Gedney et al 2006))
underlying historical change in global land ET over the past
several decades.
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